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1. Introduction
Electronic power converters are widely used in industrial power conversion systems for electrical industry 
applications and drives. Different countries choose different standards for operating voltage in different applications, 
but high voltage for high power is a general principle observed everywhere. Therefore, with increasing power levels, 
the voltage level increases accordingly to reach a satisfactory efficiency (Sayed et al., 2022). Today, extensive 
efforts have been made to increase the nominal value of semiconductor switches following the increase in the 
use of electronic power technology. Of course, as the nominal value of the keys increases, their performance 
decreases a lot in terms of speed and maximum switching frequency, quality, etc. Over the years, the nominal 
voltage of high-voltage semiconductors with high switching speeds has increased, such as bipolar transistors with 
isolated gates. Despite many advances in semiconductor physics, existing switches still do not meet the needs of 
the electrical industry, and series and parallel connection of semiconductor switches is inevitably used. Series and 
parallel connection of switches to increase the amount of current and voltage tolerable by the switches are not a 
very simple and reliable solution. For example, when connecting a series of power switches, different time delays in 
turning on the semiconductor switch or small leakage currents with very different values in the same switches may 
cause the switches to be damaged. Of course, the conditions in the parallel connection of the keys are much better 
and safer than their series connection. Due to the above, the use of multi-level inverters (Vemuganti et al., 2021) is 
one of the available solutions for high voltage applications. The idea of multilevel inverters was introduced in 1975 
(Dharmambal and Nisha, 2022). The global increase in energy demand and the increasing level of voltage and 
power in the industry have led to the emergence of multi-level inverter structures and semiconductor technology 
to meet the needs of power. Multi-level inverters are widely used in medium voltage and high power applications 
due to their ability to operate in the power range of several megawatts and several kilowatts of voltage. A variety 
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of multilevel inverter structures have been introduced over the past two decades. Three important and significant 
structures of these structures are related to cascading multi-level inverters (Gong et al., 2022), diode damped (Korde 
et al., 2022; Rath et al., 2021) and flying capacitor (Jayakumar et al., 2021; Khan et al., 2022). Unlike cascading 
multi-level inverters,  power can be saved by reducing the number of DC power sources, which can be achieved 
by using multi-level diode clipper inverters. In the structure of multi-level Z-NPC inverters (Akbari et al., 2021), 
instead of using a voltage source and DC link capacitors, impedance source networks with the same or different 
input voltages can be used. This structure makes it possible to control the output voltages of impedance sources 
networks both jointly and separately. There are different structures for multilevel inverters for different applications. 
Typically, multi-level inverters are used depending on the direct current source of the isolator or isolating capacitors 
that are used as a direct current source to combine the step output voltage (Husev and Carlos, 2021). The first type 
is very reliable but requires more DC sources and more power switches, such as the H bridge multilevel inverter. 
The structure of Neutral Point Clipper (NPC) multilevel inverters was first introduced in 1980 (Rodriguez et al., 
2002). The advantages of diode-damped multi-level inverters include (Balal et al., 2022)the following:

 ● Many improvements in reducing voltage changes over time as well as switch stresses.
 ● All phases share a common DC bus to minimise the capacitor required by the converter.
 ● This structure has a good variety for single-phase and three-phase inverters.

However, the experimental results for this structure also indicate several technical problems, which in turn 
make its application more difficult and complex for high-power converters. Some of these problems are as follows 
(Do et al., 2019):

 ● This structure requires ‘high-speed clipper diodes’ that must be able to carry the entire load current, as well 
as factors that exacerbate ‘reverse recovery stress’. Although steps can be taken to reduce this problem, 
it is still a problem.

 ● The problem of capacitor charge balance is still a debatable subject for NPC structures with more than 
three levels. NPC structures with levels of more than three are also subjected to increase voltage stress as 
a relation. Therefore, a series connection of diodes may be required.

 ● The number of clipper diodes depends on the number of inverter levels, so these design complexities 
increase cost and reliability concerns.

The structure of three-level NPC inverters with high power factor loads works well, and the structure of NPC 
inverters with more than three levels is often used for static reactive power compensation circuits. This may be 
related to the capacitor equilibrium problem. In the NPC inverter structure, the use of NTV4 modulation is preferred 
over other methods because it has a modulation scheme with minimal stress and excellent spectral performance 
(Barbosa et al., 2005). In Rodriguez et al. (2009), the NPC inverter is fully introduced and this inverter is mentioned 
as the most widely used type in high power. At the beginning of this paper, the working method of this type of inverter 
has been introduced and then the various methods available for control and modulation of these inverters have 
been introduced that include pulse width modulation, space vector modulation and load-based modulation. This 
paper also uses a new structure to balance semiconductor losses. In Sapin et al. (2007), a three-level NPC inverter 
with an output filter is used to supply the induction motor. Motor torque is used directly to control the inverter. It is 
also used to balance the voltage with the control method and compare the voltage on each of the capacitors and 
apply feedback to the output to control it. In Rivera et al. (2014), the predictive method has been used to control the 
current of the three-level NPC inverter. To implement the control system, the capacitors voltage and load current 
in the 27 switching modes must be predicted by the relations in the paper. After predicting the parameters, the 
cost function should be formed using these parameters and among all switching modes, the mode with the lowest 
voltage difference on the capacitors should be selected as the optimal mode with the least change of mode. In Sheir 
et al. (2018), a new structure is introduced for NPC converters with an additional circuit to control the voltage of the 
capacitors, which is used in charging stations for electric vehicles.

In this paper, the limitations of voltage control of capacitors using existing methods are discussed in the first 
step, and then an additional circuit is used to provide minimum load conditions for the modulator to ensure the 
voltage balance of the capacitors, in addition to the available methods. Using this circuit, different loads will be 
within the allowable range for the converter, and imbalance caused by getting out of range will not occur due to an 
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additional parallel branch in the circuit. In Sankar and Babu (2020), a new structure of two-way multilevel inverters 
is presented. The proposed structure uses a DC–DC converter connected to the DC link, which is responsible for 
voltage balancing. This type of converter produces more voltage levels at the output. In this structure, the efficiency 
of the system is considerably high, which is about 90% of the simulation results. Also, the voltage ripple and its 
associated stress are greatly reduced. In Brueske et al. (2014), the expanded structure of the three-level Z-NPC 
inverter is presented. Due to the unique features of impedance source converters and using the conventional 
impedance source inverter and Z-H converter, the basic structure of a Z-H Buck-Boost converter is provided. 
Compared to the conventional Z-H converter, the proposed Z-H converter has increasing and decreasing capability 
in addition to removing the ST mode and pre-LC diode. Some prominent advantages of the proposed Z-H converter 
include simplicity of structure, increasing and decreasing capability, and having low ripple voltage and current 
waveforms, thus eliminating the need for additional filters in the circuit. In Strzelecki (2006), a three-level Z-NPC 
inverter is presented, which has a structure similar to that used in this article, but the modulation method in this 
article is a simple PWM type and optimisation has not been done.

This paper proposes a Modified Z-Source Neutral-Point Clamped (MZS-NPC) inverter designed by integrating 
a modified Z-source impedance network, applied to a cascading five-level hybrid inverter. The proposed MZS-NPC 
inverter can increase the boost factor and produce an amplified five-level output voltage. A modified modulation 
technique based on the maximum reinforcement control strategy is proposed to achieve the maximum voltage gain 
and the possibility of simple execution, which can balance the neutral point voltage of the DC link to achieve the 
zero-neutral point mean current conditions. The performance of the proposed topology and modulation technique 
is confirmed based on the simulation results. Introduction and structure of the paper were presented in the first 
section. The MZS-NPC three-level inverter is introduced and described in the second section; in the third section, 
the details of the proposed method and improved modulation are presented, and then in the fourth section, the 
simulation results are analysed and finally, a general conclusion is presented in the last section.

2. Z-source Three-Level NPC Inverter
2.1. MZS-NPC three-level inverter structure
Figure 1 shows the topography of a three-phase three-level MZS-NPC inverter Strzelecki (2006).

Fig. 1. Modified three-phase impedance source NPC inverter Strzelecki (2006). NPC, neutral point clipper.
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This converter is similar to the traditional impedance source converter with two Shoot-Through State and 
non-Shoot-Through State modes. Due to the symmetry of sizes L1 and L2, the values of C1 and C2 as well as C3 
and C4 are considered equal. In the following, the equations related to the converter model are presented in two 
states.

2.2. How MZS-NPC three-level inverter works

A. Shoot-Through State
In this converter, the shoot-through state consists of three parts: full shoot-through, upper shoot-through (tust) and 
lower shoot-through (tlst). In full shoot-through, all switches turn on during the tust time, resulting in a zero output 
voltage. As a result, the upper and lower shoot-throughs produce higher quality AC voltage and fewer switches. In 
the upper shoot-through state, switches {S1x, S2x, and S3x}, diodes {Di, D2, and D2x} turn on, and diode D1 is off. In this 
case, the voltage relationship between the inductors and the DC link is expressed as relations 1 and 2 (Strzelecki, 
2006).

 
1 1 2 1

2 4

l C C dC C

L C

V V V V
V

n

n

= + − −
= −  (1)

 2 4i C CV Vn = +  (2)

In the lower shoot-through state, switches {S2x, S3x, S4x} and diodes {Di, D1, and D1x} are directing and diode D2 is 
off. In this case, the voltage relationship between the inductors and the DC link is expressed as follows.

 
1 1 3

2 2 1 2 4

L C C

L C C C dc C

v V V
v V V V V V−= = +

−
−

=
 (3)

 1 3i C Cv V V= +  (4)

The equivalent converter circuit in the upper and lower shoot-through is shown in Figure 2.

Fig. 2. Converter equivalent circuit in (a) upper shoot-through state and (b) lower shoot-through state.
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B. Non-Shoot-Through State

In this state, time tlst and diodes D1, D2 are directing and diode Di is off. In this case, the relationship between 
inductors voltage and DC link voltage is calculated as follows (Strzelecki, 2006):

 
1 3

2 4

l C

L C

V
v V
n = −

= −  (5)

 1 2 4 ˆi C C dc C iv V V V V v= + + + =  (6)

The converter equivalent circuit in the non-shoot through state is shown in Figure 3.

C. Boost coefficient
The mean values of tust and tlst are the same during the one-third time constant due to the symmetry of the lower and 
upper shoot-through performance and non-shoot-through, so tust = tlst = tst. Accordingly, the average voltage of the 
two ends of L1 by the relations (1), (3) and (5) during a period is zero, and also considering that Vc1 = Vc2 and Vc3 = 
Vc4, the capacitor voltage is equal to Strzelecki (2006):

 1 2
1 *

1 2C C dc
DV V V
D−

= = −  (7)

 3 4 *
1 2C C i

DV V V
D

=
−

=  (8)

Where D is the Duty cycle. By substituting relations 7 and 8 into 6 relations, the coefficient of increase (B) is 
obtained as follows (Strzelecki, 2006):
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Fig. 3. Converter equivalent circuit in the non-shoot through state.
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3. Modified Modulation for MZS-NPC Three-Level Inverter
3.1. Modified modulation technique performance for MZS-NPC three-level inverter
Figure 4 shows the performance of the proposed modified modulation technique. The modified technique has two 
triangular waves with a phase difference of 180 degrees called Vtr1 and Vtr2. In this case, the voltage gain (G) is as 
follows: 

 /2
.

ˆ

c

O

d
G

v
v B M= =  (10)

In the above relation, Vo is the peak voltage of the output phase and M is the modulation coefficient. The 
relationship between M and B depends on the modulation method. In this paper, the maximum boost control method 
is used for the proposed topology to obtain the maximum voltage gain. The maximum boost control method changes 
all zero modes to shoot-through state without changing the active modes. Using the sinusoidal reference voltage 
with the third harmonic voltage Vx-ref, which is x = a, b, c, the three-phase positive and negative modulation signals 
Vxp and Vxn are equal to Strzelecki (2006):

 ( )1
2xp x ref x refV V V− −+=  (11)

 ( )1
2xp x ref x refV V V− −−=  (12)

That x = a, b, c have a phase difference of 120 degrees with each other. Figure 4 shows the logic circuit of 
the modified modulation strategy. PWM signals called S1x/S3x are generated by comparing the positive modulation 

Fig. 4. Modified modulation strategy logic circuit for three-level MZS-NPC inverter (Strzelecki, 2006). MZS-NPC, modified Z-source neutral-point 
clamped.
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Fig. 6. Shoot-through state waveforms in terms of diode cycle and voltage gain with M changes.

Fig. 5. Switching pattern.
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signal Vxp with the carrier signal Vtr1. The S1x switch turns on when the positive modulation signal is larger than the 
carrier signal Vtr1. Pwm signals called S2x/S4x are generated by comparing the negative modulation signal Vxn with 
the carrier signal Vtr2. The S2x switch turns on when the negative modulation signal is larger than the carrier signal 
Vtr2. Upper and lower shoot-through states are also generated with Ap and An signals. All zero states are converted 
to upper and lower states to obtain the maximum voltage gain. The upper shoot-through state is achieved by 
the Ap signal when all switches S3a, S3b, S3c are on, and the lower hoot-through state is achieved by the An signal 
when the switches S2a, S2b, S2c are all on. Figure 5 shows the switching pattern of three-phase PWM signals in 
this method.

Because the diode cycle of the short- through state changes with the inverter frequency, the average period of 
shoot-through state during ((π/6)(π/2)) is as follows:

 
3 31 *
2

D M
p

= −  (13)

By substituting relations 7 and 11 into 8 relations, the voltage gain G (a function of M) is obtained as follows:

 

2
3 3 1

G

Mp

=
−

 (14)

Fig. 7. Recommended closed loop control diagram of AC load voltage for MZS-NPC. MZS-NPC, modified Z-source neutral-point clamped.

Table 1. Values of simulation parameters (Strzelecki, 2006).

ValueParameter

Impedance source converter

1 mH (millihenry)L2 = L1

1,000 mF (micro farad)C1 = C2= C3 = C4

Output filter 

0.6 mH Lf

100 mFCf

RL load

50 WRL

1.2 mHLL
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In Figure 6, the graphs D and G in terms of M are drawn with the help of relations 14 and 15. According to this 
figure, it is clear that the value of M increases in the range of 0.65 to 1.15 with decreasing D and G. When M reaches 
its maximum value of 1.15, the values of D and G are equal to 0.05 and 2.55, so at the maximum increase factor, 
the DC link voltage is 2.1 times and the peak AC voltage is 2.55 times.

3.2. AC voltage control in islanded operation mode
The proposed closed-loop control of AC load voltage for MZS-NPC is shown in Figure 7. At any moment, the voltage 
value is compared with the reference value and the output enters the PI controller. The output of the PI controller 
is connected to the limiter and the M factor and pulse modulation are applied to the MZS-NPC inverter. The output 
of the inverter creates a DC voltage link that is connected to the micro-grid (Akbari et al., 2022). To improve the 
output voltage, a filter is used and again this voltage is the reference voltage compared. In fact, this controller is 
done by a closed loop. In some cases, this voltage can also be used for the load. The reference voltage, which is 
the peak reference voltage of the network, is 150 V, and the polarity of the reference voltage is selected to reduce 
the value of M when the error is positive. Depending on the relationship between M and G, the range of changes 
in M is limited to between 0.65 and 1.15. Then the generated pulses are entered into the inverter as a switching 

Fig. 8. Output voltage waveform and DC link voltage at M = 0.8.
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signal, and control is performed. Also be noted that the calculate Vop block performs the calculations according to 
two relations 9 and 10.

3.3. Calculate the amount of distortion and harmonic
Current and voltage distortion usually occur in power systems because current distortion causes voltage distortion 
in many cases. Assuming a pure sine voltage at the main frequency, the input voltage can be expressed based on 
the reference abbreviation (Liu et al., 2008) as follows:

 12s su V sinw t=  (15)

The line is distorted current is expressed as follows:

 ( )1 2 *Y
s s h shi i a i== +  (16)

Fig. 9. Voltage waveform of capacitors and inductors at M = 0.8.
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is1 is the main component of the current, ish is the hth harmonic component of the current. The subtitle h indicates 
the harmonic order. The above equation can be expressed as follows:

 ( ) ( )1 1 1 22 sin * sinY
s s h sh h hi I w t a I w t== + Θ + + Θ  (17)

Where q1 is the phase angle of the main component of the input voltage and qh is the phase angle of the input 
voltage at frequency fh. 

The distortion component of a current is the sum of its harmonics, which can be written as follows:

 
2 2

1dis s sI I I−=  (18)

This leads to a distortion index that is commonly used. The name of this index is total harmonic distortion (THD), 
which is defined as follows (Liu et al., 2008):

 1
% 100 dis

s

ITHD
I

=  (19)

Fig. 10. Three-phase modulation signal, upper and lower shoot-through state signal, DC link voltage and inductor current at M = 0.8.
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The above equation is used to calculate the amount of distortion in the system used in this research.

4. Simulation
4.1. The structure of the system under study
To examine how the system works using the proposed modulation method, the circuit in Figure 1 is simulated in 
MATLAB software. In this simulation, the switching frequency and the input DC voltage were considered 5 KHz 
(kilohertz) and 40 V, respectively. Also, the cut-off frequency of the filter is 650 Hz and the frequency of the output 
AC signal is 60 Hz. The circuit parameters for the simulation are also given in Table 1.

4.2. Simulation results
Figure 8 shows the simulation results for M = 0.8. As it can be seen in this figure, the effective value of the 5-level 
output voltage shown is about 110 V. DC link voltage can be increased up to 245 V, which is 6.1 times the input DC 
link voltage. Capacitors C1 and C2 have ripples with a frequency of 180 Hz and their amplitude is 79 V. Also, the 
average voltage of capacitors C3 and C4 is 40 V, which is shown in Figure 9.

Fig. 11. Output voltage waveform, DC link voltage at M = 0.9.
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Fig. 12. The voltage waveform of capacitors and inductors and load current in M = 0.9.
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Fig. 13. a-phase modulation signal waveform and DC link voltage at M = 1.15.

Figure 10 shows the three-phase modulation signal, the upper and lower shoot-through state signal, the DC link 
voltage, and the current of the two inductors.

Figure 11 shows the simulation results for M = 0.9. The effective values of line voltage and phase current are 85 
V and 1 amp, respectively, and the DC link voltage has been increased to 145 V.

Figure 12 also shows the voltage waveform of capacitors, inductors and load current at M = 0.9.
Figure 13 shows the a-phase modulation signal and the DC link voltage at M = 1.15, which is the maximum 

amplitude modulation value. As can be seen, the DC source can provide the required power and the DC link voltage 
can be increased to 85 V, because the proposed inverter has the lowest shoot-through state.

Figure 14 shows the simulation results for a change in load voltage when the DC link voltage in the islanding 
state increases from 60 to 100. The peak voltage of the load is 150 V, which is set to 110 V RMS by increasing the 
amplitude modulation from 0.8 to 1.08 to maintain the voltage.

The frequency spectrum of the a-phase current is shown in Figure 15. The THD value of the current is 1.75% 
and the reason for this low harmonic is the low-frequency ripple of the capacitors in the circuit.
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Fig. 14. Load voltage amplitude waveform, input voltage, load voltage and amplitude modulation for load voltage change when DC link voltage in 
islanding mode increases from 60 to 100.
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Fig. 15. Frequency spectrum of a-phase current. THD, total harmonic distortion.

5. Conclusion
In this paper, to study the inverter (MZS-NPC), which was a combination of a network of impedance source and a 
three-level inverter, a modified method for modulation based on the maximum boost control method was introduced 
and implemented to get the maximum possible gain. According to the simulation results, the DC link voltage 
increased to 205 V so that the effective voltage of 102 V can be received from a 40 V voltage source with M = 0.8. 
The THD value of the network current is 1.75% and the value of the output voltage was controlled by the reference 
value by changing the input voltage in the islanding mode. The results show that this converter is suitable for solar 
power plant and fuel cell applications in both islanding and network-connected modes.
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